Microbial biofilms are important for the turnover of organic matter in small streams. A rapid colonization of the epilithic surface will become more important given the predicted increase of flood events. Here, we elucidated the pioneering community structure and activity of stream biofilms. Colonization of glass slides exposed in a small stream for 1, 4, 8, 12, and 24 h was compared with those exposed for 7 days or 5 months. Forty thousand microbial cells and 10 algae cm À2 attached to the glass slides within 1 h of exposure. Catalyzed reporter deposition-FISH demonstrated that the pioneer community that settled within 12 h was dominated by Cytophago-Flavobacteria. Later stages were characterized by an enrichment of Gammaproteobacteria and Betaproteobacteria. However, a major fraction of the detected bacterial cells could not be identified beyond the domain level. Green algae dominated the pioneering algal groups, but were outnumbered by filamentous algae after the attachment period. Potential activity of alkaline phosphatase was already detected after 4 h, b-glucosidase after 8 h, and b-xylosidase only after 7 days of biofilm formation. Thus, biofilm formation occurred rapidly and the functionality of the assemblages was evident within a few hours. However, the ratios of b-xylosidase : b-glucosidase suggested that the initial biofilms relied more on autochthonous than on allochthonous carbon sources in contrast to mature biofilms.
Introduction
Microbial biofilms, i.e. assemblages of bacteria, archaea, fungi, algae, and protozoan, are formed at any submerged surface in rivers, such as stones, plants, and roots (Zubkov & Sleigh, 2000) . The structure and function of biofilms are dependent on the environmental conditions (Beyenal & Lewandowski, 2002; Crump et al., 2003; Stoodley et al., 2005) . In streams, the flow velocity is the primary physical force shaping biofilm colonization dynamics and biofilm structure-function coupling (Battin et al., 2003) . Under laminar flow, cell transport to the surface and mass transfer of nutrients are the limiting steps. Thus, the extent of biofilm growth increases with increasing flow velocity (Costerton et al., 1995; Characklis, 2009 ). However, high flow velocities during flood events can cause significant biofilm removal (Marxsen, 2001) . Sediment fractions that are relocated during floods provide new epilithic surfaces for colonization. Grazing by invertebrates such as snails will also yield empty surfaces (Sheldon & Walker, 1997) . Thus, stream biofilms are subjected to frequent disturbances, and stable late growth phases like in controlled microcosm experiments (Besemer et al., 2007) will seldom be reached by the biofilm community.
Colonization of surfaces displays a successional pattern. Initial biofilm colonizers in streams are bacteria, which reach abundances up to 0.2 Â 10 9 cells cm À2 after 2 days (Battin et al., 2003) . The community structure of bacteria in aquatic environments is mainly represented by Alpha-, Betaand Gammaproteobacteria, Cytophaga-Flavobacteria, and Actinobacteria (Glöckner et al., 2000; Kirchman et al., 2004) . The proportion of these bacterial groups can change over time according to environmental factors. In stream biofilms, Betaproteobacteria are early colonizers, whereas in mature states, Alphaproteobacteria and Cytophaga-Flavobacteria dominate (Manz et al., 1999) .
The dominant algae in riverine biofilms are diatoms (Roberts et al., 2004; Patil & Anil, 2005) . Pennate diatoms are a major component in mature biofilms, and filamentous algae oscillating in the water flow can develop in these biofilms (Battin et al., 2003) . Initial colonizers on plexiglas surfaces in a fresh water reservoir are small green algae, followed by colonial green algae and diatoms, whereas filamentous green algae predominate after 10 days (Sekar et al., 2004) . Only a few studies have investigated the combined succession of bacteria and algae during the initial colonization phase in streams (Sobczak & Burton, 1996; Battin et al., 2003; Besemer et al., 2007; Szabo et al., 2008) . However, in these studies, sampling intervals started after 4 1 day, which excluded the initial colonization phase. Studies focusing on marine biofilm formation demonstrate a change in the bacterial community within the first 9 h of colonization, indicating that pioneering organisms have to be identified with a much finer temporal resolution (Lee et al., 2008) .
Biofilms are hot spots for the turnover of organic matter and the transfer of carbon to higher organism groups in small streams (Geesey et al., 1978; Augspurger et al., 2008) . The biofilm matrix allows the storage of nutrients and extracellular enzymes (Lock, 1994) . These extracellular enzymes, which can be free or bound to the cell (Wetzel, 1991) , hydrolyze high-molecular-weight organic compounds into smaller molecules, which are then available for microbial uptake. Their activity is regulated by catabolic processes (Chrost, 1989) and can be correlated with the relative abundance of different bacterial groups (Kirchman et al., 2004) . Indeed, no single species can express all extracellular enzymes with high activity, and this results in a variation in the extracellular enzyme activities among bacterial species (Castillo et al., 2000) . Particularly, bacteria from the Cytophaga-Flavobacteria cluster may play a specialized role in dissolved organic matter uptake through the degradation of biopolymers such as cellulose and chitin (Kirchman, 2002) . The degradation of organic matter is further influenced by the bacteria to algae biomass ratio in biofilms, because the extracellular enzyme activity is higher in autotrophic biofilms than in heterotrophic ones (Romani & Sabater, 2000) .
Because floods and drying events will occur more frequently in the future (Labat et al., 2004) , abrasions and colonization of epilithic surfaces will become more important in streams. This poses the question as to which time interval is needed for early colonizers to contribute to the degradation of organic matter in streams. Thus, the goal of this study was to investigate the structure of the pioneering community of stream biofilms and to link the succession of bacterial and algal communities during the first 24 h of biofilm formation with biofilm extracellular enzyme activities. This initial colonization phase was compared with the community structure and function of a 7-day and a 5-month-old biofilm.
Materials and methods

Sampling
Biofilm samples were taken in the third-order hard water stream Ilm at Manebach (50144 0 58 00 N, 11102 0 14 00 E; Thuringia, Germany). The Ilm is a typical mountain stream that arises about 800 m above sea level in the northern part of the Thuringian forest. The stream has a catchment area of approximately 1035 km 2 . The annual precipitation within this region ranges between 550 and 1200 mm m À2 , leading to an average annual discharge of 83 Â 10 6 m 3 . The average slope of the stream is 3.16%. The reach is situated at the headwater region with a mean water depth of 20 cm that varied from 5 to 50 cm and a mean annual discharge of 2.45 m 3 s À1 . Sampling cylinders of perforated (perforation diameter 0.8 cm) stainless steel (cylinder diameter 8 cm, length 16 cm) for six glass slides (Fig. 1a) (modified after Marxsen, 1982) were exposed horizontally on tubes near the streambed (Fig. 1b) . The cylinders had to be used to avoid destruction of the glass slides by moving gravel. The flow velocity inside the cylinders is reduced to approximately 50% due to the flow resistance of the cylinders (Risse-Buhl ). The concentrations of PO 4 3À were determined using the ascorbic acid method (Clesceri, 1998) and NO 3 À concentrations were determined using the UV spectrophotometric screening method (Clesceri et al., 1999) (Uvikon 931, Kontron Instruments, Italy). Ammonium was determined spectrophotometrically (Gadkari, 1984) (Uvikon 931, Kontron Instruments, Italy). DOC was measured using a DIMATOC 100 infrared spectrometer (Dimatec Analysentechnik GmbH, Germany). Oxygen content, pH, salinity, conductivity, and turbidity were measured in the water column (Horiba U 10, Multiparameter, Water Quality Meter, Kyoto, Japan). Flow velocity was measured near the tubes after removing the cylinders in 5-cm steps beginning from the river bottom to the top of the water column (Flowmate, MARSH McBirney).
Biofilm sample analyses
For biofilm dry mass determination, biofilms from triplicate glass slides were scraped off and weighed after drying for 48 h at 60 1C and a second time following combustion for 4 h at 550 1C. For Chl a content measurements, biofilms were also scraped off and frozen in liquid nitrogen for transportation. Chl a contents were determined spectrophotometrically (Uvikon 931, Kontron Instruments, Germany) following an acetone extraction (Clesceri, 1998 ) and incubation at 6 1C in the dark for 12 h.
Bacterial community structure
To estimate the abundance of biofilm prokaryotes, biofilms (5-6 replicates) were scraped from the glass slides using sterile glass slides and kept in 50-mL Greiner tubes containing 35 mL prefiltered stream water (Whatman, polycarbonate, 0.2 mm pore size) and paraformaldehyde at a final concentration of 4%. To estimate the abundance of water column prokaryotes, three replicates of 50 mL stream water were fixed with paraformaldehyde (4% final concentration).
The abundance of bacteria belonging to different groups was determined by catalyzed reporter deposition (CARD)-FISH (Pernthaler et al., 2004) after sonification of the biofilm samples for 1 min (Sonopuls HD2200, Bandelin, Korea), because determinations with FISH showed very low efficiency and poor reproducibility (data not shown). Sonification increased the number of counted cells present in the biofilm similar to other studies (Buesing & Gessner, 2002) . Samples were filtered onto polycarbonate filters (GTTP, Millipore, Eschborn, Germany, pore size 0.2 mm) and attached with low gelling agarose (0.1%). Cells were permeabilized with lysozyme (10 mg mL À1 ) and achromopeptidase (60 U mL À1 ). Horseradish peroxidase-labeled oligonucleotide sequences (Biomers, Ulm) specific for the domain Bacteria (Amann et al., 1990) , Alpha,-Beta-, and Gammaproteobacteria (Manz et al., 1992) , Actinobacteria (Roller et al., 1994; Berchtold et al., 1999) , and Cytophago-Flavobacteria (Manz et al., 1994 ) (Supporting Information, Table  S1 ) were linked with Alexa 488 as fluorochromic dye. Finally, filters were embedded into a glycerol-PBS-DAPI (1 mg mL À1 ) mixture and cells were counted at Â 1000 magnification [Zeiss Axioplan, ) and G 365 FT 395 LP 420 (4 0 -6-diamidino-2-phenylindole, DAPI)].
Algal community
Algal morphotypes (pennate, centrale and filamentous diatoms, coccale and filamentous green algae) were quantified microscopically (Ettl, 1983; Komarèk & Fott, 1983; Ettl & Gärtner, 1988; Kramer et al., 2000) after staining with Lugol's solution at Â 100 magnification (Zeiss Axiovert) (Utermöhl, 1958) . Cells were differentiated as living and dead according to the chlorophyll content, which was visible under the light microscope. Those cells that were completely filled with chloroplast were counted as live, whereas those cells that had a shrunken or no visible chloroplast were counted as dead.
Extracellular enzyme activities
Potential activities of b-glucosidase, b-xylosidase, and alkaline phosphatase were measured with artificial 4-methylumbelliferyl substrates (MUF): MUF-b-D-glycoside, MUF-b-Dxyloside, and MUF-phosphate (Sigma). To 100 mg of substrate, 2 mL of hydroximethylether (Sigma) was added in sterile Greiner tubes to facilitate its dissolution. Fifty milliliters of autoclaved distilled water was added and the solution was kept in the freezer ( À 20 1C) until use. Three replicates of biofilm on the glass slides at each time step were transferred within minutes after sampling into 50-mL Greiner tubes with filtered (Whatman glass fiber, 0.2 mm pore size) and autoclaved river water containing the artificial substrate (0.3 mmol L À1 ) and incubated for 2 h. (Hoppe, 1983) .
Statistical analyses
The concentrations of nutrients and environmental variables were analyzed using one-way ANOVA (SIGMASTAT). Data on bacterial and algal abundance were analyzed using pairwise analysis (SIGMASTAT).
Results
Environmental parameters
Flow velocity was much lower in August compared with March 2005 (Table 1 ). In addition, the discharge with 0. DAPI counts and abundance of algae increased 16-and 10-fold, respectively, between 24 h and 7 days (168 h) of exposure (Fig. 2a, b) . After 5 months (3672 h) of exposure, the abundances increased further 8-and 10-fold, respectively. The abundance of both groups was significantly correlated (P o 0.001). In general, Chl a contents (Fig. 2c) , organic matter (Fig. 2d) , and biofilm dry mass (data not shown) increased over the exposure time. Chl a contents were stable during the first 12 h of exposure, although the abundance of algae steadily increased. The increase of biofilm dry mass between 7 days (168 h) and 5 months (3672 h) of exposure was mainly due to the increase of organic matter, because the amount of inorganic matter was constantly low.
Bacterial community structure
The proportion of bacterial cells that hybridized with the probe specific for Eubacteria relative to the DAPI counts varied between 35% and 75%. Variations did not correlate with increasing time of substratum exposure. This discrepancy might be caused by the low CARD-FISH efficiency and/or the presence of archaeal and picoeukaryote cells not accounted in this study. With the exception of Gammaproteobacteria, all specific groups addressed with probes were detected after 1 h of exposure ( Table 2 ). Cells that hybridized with the Cytophaga-Flavobacteria probe were the dominant identified pioneering group after 1, 4, and 8 h of exposure. Only in mature biofilms (5 months) was this group outnumbered by Actinobacteria and Betaproteobacteria. The abundances of all identified groups did not show an increasing trend during the first 24 h of exposure. Between 24 h and 7 days of exposure, cell abundances increased 8-130-fold. The mean relative proportion of other cells that could be not identified with specific probes in this study approximated 71%. Again, variations did not correlate with increasing time of substratum exposure.
Algal community structure
A high proportion of dead algal cells were always detected. After 1 h and 7 days of exposure, this proportion approximated 72% and 44%, respectively (Table 3) . Melosira-and Fragilaria-like species and pennate diatoms dominated the dead algal community. Within the live algal morphotypes, the proportion of green algae dominated the early colonization periods of 1-4 h by 78% and 68%, respectively. No further increase was observed between 24 h and 7 days of exposure, whereas the abundance of pennate diatoms increased. The main representatives of the green algae community colonizing the substratum within the first day were taxa from the orders of Chlorococcales (spherical and cylindrical morphotypes), Chlamydomonadales (e.g. Chlamydomonas), and Desmidiales (e.g. Closterium). After 7 days and 5 months of exposure, the green algae community mainly contained taxa from Klebsormidiales (e.g. Klebsormidium), Chlorococcales (e. g. Scenedesmus), Chlamydomonadales (e.g. Chlamydomonas), and Desmidiales (e.g. Closterium). Pennate (31%) and filamentous diatoms (58%) dominated after 7 days of exposure. Pennate diatoms were represented by Navicula, Pinnularia, Cymbella, Fragilaria, Stauroneis, and Gomphonema, Tabellaria, Cocconeis, Synedra, Meridion, and Diatoma. Central diatoms played a minor role at all time steps. Representatives of the centric diatoms were Melosira and Cyclotella (Table 3) .
Extracellular enzyme activity
There was no potential extracellular enzyme activity detectable after 1 h of substratum exposure. The activity of alkaline phosphatase was detectable after 4 h of exposure, followed by the detection of b-glucosidase after 8 h (Table  4) . b-Xylosidase was first detected after 7 days of exposure. Between 7 days and 5 months of exposure, the activity of alkaline phosphatase, b-glucosidase, and b-xylosidase increased 7-, 11-, and 46-fold, respectively.
Discussion
Pioneering bacterial community structure
Although biofilm formation is initiated by attachment of the specific groups of free-living bacteria present in fresh-or seawater, the composition of bacterial communities in Separate filters were used for hybridization and counted individually. The group 'others' represents the % of cells that hybridized with the eubacterial probe but not with the more specific ones.
biofilms differs from that of the water phase (Besemer et al., 2007; Lee et al., 2008) . The community difference can be explained by a rapid growth of a subpopulation of pioneer species that are present in the water at low abundances or by a continuous attachment of these pioneer species to the substratum. Surface properties of the submerged material are not so crucial, because only slight differences in the bacterial community are detected for acryl, glass, and steel substrata (Lee et al., 2008) . In this study, 40 000 DAPIstained cells cm À2 attached to glass slides within 1 h of exposure, suggesting that these cells present the pioneer population of this stream. The high number of cells was surprising as was the fact that the identified bacterial cells were dominated by the cells targeted by the probe of Cytophago-Flavobacteria and not by Betaproteobacteria. It has been suggested that Betaproteobacteria attach more easily to surfaces during initial biofilm formation than other groups of bacteria and thus dominate biofilm succession (Araya et al., 2003) . Similarly, the fine temporal resolution of the formation of marine biofilms shows the predominance of Gammaproteobacteria and not of Alphaproteobacteria in the pioneering population (Lee et al., 2008) . Gammaproteobacteria did not belong to the early pioneering population in this stream biofilm, because the first cells were only detected after 4 h on the glass surfaces. Cells that hybridized with the eubacterial probe accounted only for 35-75% of the DAPI cell numbers, suggesting that either other quantitative molecular techniques should be used to identify the microbial community structure or a high abundance of archaeal or picoeukaryotic cells was ignored. The discrepancy between DAPI cell numbers and cells that hybridized with molecular probes is also reported in other studies (Zwisler et al., 2003; Gao et al., 2005) . The low recovery during the first samplings was surprising, because the exopolysaccharide matrix, which could act as a barrier for the labeled probes, should not be so pronounced in the very early phase of biofilm formation. Factors other than matrix effects may be responsible, because FISH analyses of lake bacterioplankton also reveal a low recovery of 10-59% of the DAPI counts (Zwisler et al., 2003) . Similar to our study, FISH analyses of benthic bacterial communities show that the percentage of DAPIstained cells hybridizing with the eubacterial probe averages only 30% in eight of nine streams (Gao et al., 2005) . Because the archaea-to-bacteria ratio in those streams ranged from 0.005% to 0.073% across all sampling sites (Gao et al., 2005) , high numbers of archaea are probably not responsible for the lack of hybridized cells in the Ilm stream biofilms. Amman & Fuchs (2008) speculated that low FISH efficiency might be caused by a low target number of ribosomes in cells of environmental samples such as water or sediment due to space restrictions, which would also be true for biofilms.
Bacterial community succession
In this study, bacterial development occurred in several phases, beginning with attachment apparently without growth during the first 12 h, resulting in an increasing density of bacterial cells between 1 and 7 days. Comparative community structure analyses indicated that the pioneer community in stream biofilms settled within 12 h and developed into later stages by an enrichment of Gammaproteobacteria and Betaproteobacteria, especially after 24 h. Mechanisms of the succession of bacterial communities in biofilms are characterized as the sequence of pioneer-driven accumulation of biomass, followed by an enrichment of other groups (Jones et al., 2007) . However, the exact time frame for settlement of pioneer groups and subsequent recruitment of other groups have not been known, because previous studies on succession in stream biofilms were performed at 4 1-day intervals. The identified community structure of the 7-day-old biofilm was dominated by Cytophaga-Flavobacteria, Gamma-, and Betaproteobacteria (Table 2) , which are typical for stream water environments (Hullar et al., 2006; Beier et al., 2008) . Some species' single cells can actively move across surfaces through gliding, which enhances their ability to colonize biofilms, and there is also evidence that whole biofilms can move through shear-mediated transport, a strategy by which bacteria proactively colonize new niches before space and nutrients become limited (Harshey, 2003; Hall-Stoodley & Stoodley, 2005; Stoodley et al., 2005) . Settlement of pioneer groups and subsequent recruitment of other groups should not be dependent on the flow velocity, because it was recently shown that flow velocity does not affect the initial bacterial community of stream biofilms (i.e. the first 10 days) (Besemer et al., 2007) . The flow velocity measured at this site varied between laminar and turbulent flows, but transitional to turbulent flows dominated during the time of exposure. No flood events with very high flow velocities occurred during the period March-August. The main sampling period was in August to ensure the presence of algae, because developmental patterns appear to be driven by algae that modulate their microenvironment (Besemer et al., 2007) . After 5 months of exposure, the abundances of the investigated bacterial groups were similar to each other, representing a typical stream bacterial community (Glöckner et al., 2000; Hullar et al., 2006; Beier et al., 2008) . The abundance of DAPIstained cells approximated 2 Â 10 6 cells cm À2 after 7 days and 16 Â 10 6 cells cm À2 after 5 months, which is in the range of cell numbers (5-80 Â 10 6 cells cm À2 ) reported from stream biofilms (Geesey et al., 1978; Freeman et al., 1990; Romani & Marxsen, 2002 Although probes that hybridize with specific groups typical for freshwater environments were used, the amount of 'other cells' ranged between 16% and 94%. However, many group-specific probes were published 4 10 years ago, when the rRNA database was o 10% of its current size (Amann & Fuchs, 2008) . Although the eubacterial probe used in our study still has a group coverage of 94%, not all group-specific probes are still valid and thus do not cover the real rRNA-sequence diversity. For example, the Alphaproteobateria probe covers only 81% and the CytophagaFlavobacteria even only 38% (Amman & Fuchs, 2008) , suggesting that only a subset of these groups was targeted, which would bias the true community structure. Another factor for the discrepancy between eubacterial probe counts and counts for the more specific groups targeted might be the presence of other phylogenetic groups such as Acidobacteria, Deltaproteobacteria, Verrumicrobia, or Firmicutes. However, phylogenetic analyses of selected denaturing gradient gel electrophoresis bands of stream microbial biofilms do not support the presence of these groups (Besemer et al., 2007) .
Algal community succession
Algae colonized the surfaces very rapidly within 1 h (Fig. 2b) and algal abundance increased continuously over the time of exposure. Algae can settle passively by sedimentation or actively for mobile species (Sekar et al., 2002 (Sekar et al., , 2004 . Within the algal community, the dominance of small green algae represented by Chlorella sp. (Chlorophyceae) within the first 4 h is possibly based on the ability of fast attachment of this group. With increasing exposure time, the green algae abundance increased, but their overall proportion was low, which might be due to a low competitive ability, a specialized herbivore, or a decreased ability in settling on a preoccupied area. Similar to other studies (Besemer et al., 2007) , filamentous algae outnumbered other groups after the attachment phase, whereas pennate diatoms dominated the 5-month-old biofilm. Although centric diatoms are dominant in the water phase (Patil & Anil, 2005) , this group was always of less importance in this study. The high percentage of dead cells might be caused by an increased number of dead cells in the water phase in late summer caused by nutrient limitations (e.g. ammonia; Table 1 ). This phenomenon is known to explain the viability of marine algae, which show a significant reduction in late summer (Hayakawa et al., 2008) . The association within the biofilm matrix may allow algae and bacteria to persist during periods of nutrient limitation, because autotrophs and heterotrophs in the biofilm use nitrogen and phosphorus from the stream water, leading to an increased downstream nutrient decline (Sabater et al., 2002) .
Algal biomass is a good predictor of epilithic bacterial density (Rier & Stevenson, 2001) . However, for a quantitative relationship to form between algae and bacteria, a minimum algal biomass (4 5 mg Chl a cm À2 ) appears to be necessary (Rier & Stevenson, 2001) , which was reached in the biofilms after 7 days. Filamentous green algae can form structural templates onto which bacterial communities develop (Besemer et al., 2007) . Similarly, stalked diatoms can be important as secondary substrata for bacteria, forming a loosely attached biofilm fraction (Tuji, 2000; Rier & Stevenson, 2002) .
Extracellular enzyme activity
River biofilms are critical for organic matter processing (Sabater et al., 2002) . Extracellular enzymes accumulate in the biofilm and are both adhered to the bacteria (up to 81% in young and up to 37% in old biofilms) or are interspersed within the matrix (Romani et al., 2008) . The appearance of phosphatase activity after 4 h of exposure might be due to the Betaproteobacteria and the early settlement of algae (Bruckmeier et al., 2005; Wilczek et al., 2005) . Betaproteobacteria have been found to be highly correlated with phosphatase activity in surface waters (Kirchman et al., 2004) . Potential activities of the three enzymes measured after 7 days were in the upper range of activities reported from other streams (Romani & Marxsen, 2002) , suggesting a highly active population despite their small cell number. The increased potential extracellular enzyme activities in 5-month-old biofilms are comparable to results from stomatolitic algal patches from La Solana River (Spain) (Romani & Sabater, 1998) . The switch from a very low ratio (0.09) of b-xylosidase : b-glucosidase after 7 days to a higher ratio of 0.4 after 5 months is conspicuous, indicating a change in organic matter resources that were utilized by the biofilm community. High ratios indicate the importance of hemicellulose, which is mainly of allochthonous origin (Romani & Sabater, 2000) . Low ratios show that microorganisms preferentially hydrolyze cellobiose that originates from a huge variety of autochthonous and allochthonous sources. Thus, our data suggest a switch from more autochthonous carbon sources delivered directly by attached algae and used by the bacterial community in the initial stage of development to increased importance of allochthonous compounds in biofilms that reach a mature state.
